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The object of this report is to summarize the work and results 
accomplished during the past quarter in a program directed toward 
the design and development of a pile type, nickel cadmium, squib 
battery. 
Cells with 2 square inches of active area were constructed and 
Previously cells with 4 square inches of 
subjected to 10 ampere pulse discharges. 
below 1.0 volts per cell. 
active area gave 1 volt at 20 amperes. 
The resultant voltage fell 
Several intermediate sizes of cells with electrode areas of 
2.40, 2.76, and 3.14 square inches were constructed and tested. It 
was found that there is no linear relationship between current den- 
sity and voltage. The larger plates showed little improvement in 
voltage. 
electrode required, based on cell data only. Cells were pulsed for 
20 milliseconds to determine the presence and effects of concentra- 
tion polarization and activation polarization on positive and 
negative electrodes respectively. 
The 2.76 square inch plate appears to be the minimal 
A five cell battery (of 2 square inch electrodes) was assembled 
and tested. 
assembly e 






SUMMARY OF TEST RESULTS AND CONCLUSIONS 
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INTRODUCTION 
During the f i r s t  quarter,  e f f o r t s  were directed t o  pro jec t  
organization, engineering analysis  of design parameters, and t h e  
development of s in t e r ing  and impregnation techniques f o r  bipolar  
p l a t e s  . 
Sinter ing and impregnation problems, uniquely associated with 
bipolar  p l a t e s ,  were overcome, and techniques f o r  s in t e r ing  and im- 
pregnating c i r cu la r  electrodes were developed. These d i f fe red  con- 
s iderably from the techniques employed i n  the  manufacture of any 
conventional e lectrodes.  
The object ives  a re :  the development of a bipolar  ba t te ry  capable 
of yielding a pulse  of 10 amperes fo r  1 second above 5 v o l t s  with a 
minimum capacity of 150 mAh, within a cy l ind r i ca l  envelope of 
3 cubic inches ( l e s s  terminal hardware). 
Several c e l l s  with ac t ive  s i n t e r  areas  of 4 square inches 
(2% inch dia.) were constructed and tes ted  i n  an open beaker fo r  
capacity and pulse  discharge. The r e s u l t s  indicated tha t  the c e l l s  
a r e  capable of higher capaci t ies  than required. 
were reported i n  the F i r s t  Quarterly Report. 
The t e s t  r e s u l t s  
The 4 square inch p la tes ,  when manufactured in to  a bipolar bat-  
t e ry ,  would have bordered on t he  l i m i t  of the  allowable space and 
w u l d  ha-ve weeeded t h a t  l i m i t  a f t e r  the m d u l e  was encapsulated. 
Several intermediate p l a t e  s izes  w e r e  constructed and tes ted  for  
capacity and pulse discharge. 
area (1-5/8 inch dia.) were constructed f i r s t .  
sidered the smallest theore t ica l ly  capable of meeting the discharge 
requirements. 
module . 
Pla t e s  with 2 square inches of ac t ive  
This s i z e  was con- 
* 
Several c e l l s  were b u i l t  and tested, including a 5 c e l l  
Intermediate s i z e  p la tes  between 1-5/8 and 2-1/4 inches i n  diameter 
were a l s o  constructed and tested.  The r e s u l t s  of these t e s t a  and t h e i r  
meaning a r e  discussed in t h i s  report .  
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TECHNICAL DISCUSSION 
The data  given in  the  F i r s t  Quar te r ly  Report, based on s ing le  
c e l l  discharges, indicated that  a ba t t e ry  consis t ing of 5 c e l l s  with 
while maintaining a voltage on o r  above 1.0 v o l t  per  c e l l .  Since 
a ba t t e ry  with t h i s  area would have a volume grea te r  than 3.00 in3 
when completely encapsulated, it w a s  necessary t o  go t o  a smaller 
s i ze  . 
4 i n  2 a c t i v e  area was capable of sustaining a 20 ampere discharge 
It would seem logica l  t h a t  i f  the  a rea  and the  current  were 
reduced by h a l f ,  t h e  current  densi ty  would remain constant and, there- 
fore ,  the  c e l l  vol tage would a l so  remain constant. 
was t o  reduce the  area to 2 in2 (a c i r c u l a r  p l a t e  of 1-5/8 in. dia.  
of a c t i v e  area), 
Therefore, t h ree  other  s izes  were prepared, increasing the  diameter 
by 1/8 inch i n  each case. 
%e f i r s t  s t ep  
The resul ts  obtained were not  those ant ic ipated.  
Test Procedure 
mo types of test  procedures were used t o  evaluate  the  current-  
The f i r s t  procedure used was described i n  the  vol tage re la t ionship ,  
F i r s t  Quarterly Report and consisted of the  ac tua l  pulse  discharge 
of 10 amperes f o r  1 second. In  t h i s  case, the  c e l l  o r  ba t te ry  under . 
test was backed up by a high capacity (35 Ah) bat te ry  of 28 v o l t s  
t o  sus t a in  a constant current regardless  of the vol tage changes i n  
the  test  c e l l .  
The second type of test cons is t s  of a pulse  discharge of 
20 mill iseconds duration through a fixed load. The advantage i n  
t h i s  type of t e s t i n g  l ies  i n  the  f a c t  t h a t  the test  c e l l  i s  supply- 
ing the  energy and not ac t ing  a s  a r e s i s t o r  during a forced discharge. 
In  some cases there  has been a discrepancy between the  two methods. 
As a check of t he  f i r s t  method, a s e r i e s  of pulse  discharges were 
conducted using the  second method. For a b e t t e r  understanding of t he  
problems of current  densi ty  and e lec t rode  area, reference electrodes 
were used with the  fixed load pulses.  
two end p l a t e s  (s intered on one s i d e  only) with n icke l  tabs  spot- 
welded t o  the  outs ide (bare) end 
of a nonwoven nylon, was placed between t h e  p l a t e s ,  and the  c e l l  
w a s  clamped between two p l a s t i c  blocks. 
immersed i n  a beaker containing a 34% solu t ion  of KOH. 
t abs  protruded above the  e l ec t ro ly t e  and were connected t o  the  test  
equipment. 
The tes t  c e l l  was made up of 
of t he  c e l l .  A 7 m i l  separator ,  
The assembly was then 
The n i cke l  
Figure 1 shows a schematic diagram of a c i r c u i t  fo r  pulse d i s -  
charges. The key element i n  the  c i r c u i t  i s  the  switch (SW). 
order  t o  obta in  a good contact f o r  a shor t  durat ion of time, a ro t a ry  
switch w a s  made. 
The switch is driven by a 27  RPM motor having ad jus tab le  contacts  
control led by spring tension. 
ing  t h e  angle of t he  contact arm and the  Spring tension. 
I n  
A diagram of t h i s  switch i s  shown i n  Figure 2. 
me contact time can be seby adjust-  
had 
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bank (OLtt) is adjusted to vary the discharge conditions, and the 
shunt ("S") measures the current flowing in the circuit. 
The instrumentation employed measures the current flowing through 
X-X. 
Mueller Bridge. From the above data, cell or battery voltage was 
calculated. Alternately, battery voltage may be measured across the 
terminals and the reading used to calculate current. 
effects of distributed load and terminal resistance of the battery, 
voltage and current were not measured simultaneously. 
The tenninal load was measured prior to discharge using a 
To avoid the 
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E = Bipolar Battery 
SW = Rotating Switch 
L = Load Back 
S = Shunt 
XX = To Oscilloscope for Current Measurement 
W = To Oscilloscope for Voltage Measurement 
FIGURE 1. HI= CURRENT - fAlw VOLTAGE DISCHARGE APPARATUS 
-4 -  
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SUMMARY OF TEST RESULTS AND CCNCLUSIONS 
Two end p l a t e s  and four bipolar (middle) p l a t e s  (1-5/8 inch dia.), 
2 in2 of s i n t e r  a rea ,  were impregnated according t o  the procedure set 
fo r th  i n  the  F i r s t  Quarterly Report. The weight gain of the  pos i t i ve  
electrodes averaged 0.7 gram, equivalent t o  a t heo re t i ca l  capacity of 
202 in&. 
is equal t o  162 mAh. The negative electrodes gained an average of 
0.9 gram, and a t  a 50% u t i l i z a t i o n ,  t h i s  is equivalent t o  169 mAh. 
requirements c a l l  fo r  150 mAh. 
With a u t i l i z a t i o n  coef f ic ien t  of 80% a t  the  C rate, t h i s  
The 
After formation cycling and capacity determination, the  end p l a t e s  
were assembled in to  ,a flooded ce l l .  
16 hours and pulsed a t  10 amperes (forced discharge) with the  vol tage 
being recorded on a Brush Recorder Mark 11. 
show the  r e s u l t s  of the  f i r s t  and second pulses  respect ively.  
sequent tests gave the  same resul ts-- the c e l l  vol tage f e l l  j u s t  below 
1.0 v o l t s  a t  the  end of discharge. This is below the  expected values 
based on the  r e s u l t s  obtained with the  4 in2 electrodes.  
The c e l l  was charged a t  15 mA f o r  
Figure 3A and Figure 3B 
Sub- 
The two end p l a t e  (2 in2) e lectrodes were f u l l y  discharged and 
They were washed t o  remove a i l  KOH and disassembled from the  c e l l .  
dr ied.  A nicke l  tab  was spotwelded on each e lec t rode  and the c e l l  
reassembled. 
and then pulsed a t  f ixed loads using an osci l loscope and camera to  
record the current.  The results are shown i n  Figure 4. Calculating 
the  vol tage drops a t  these  currents ,  
was p lo t t ed  on a graph, shown i n  Figure-5.  A c e l l  vol tage of 1.28 
v o l t s  is assumed a t  zero current,  as t h i s  is t he  normal open c i r c u i t  
vol tage of a nickel-cadmium ce l l .  
a c e l l  vol tage of 0.98 v o l t s  can be expected. 
forced discharge r e s u l t s .  
It was charged ( i n  a beaker) a t  15 mA fo r  16 hours 
' the  r e su l t i ng  c e l l  vol tage 
n e  r e s u l t s  show t h a t  a t  10 amperes 
This agrees with the  
To gain some ins ight  into the problem, a series of pulses  were 
made using a Hg/HgO reference electrode.  
Figure 6. 
polar ized (hV = 
v o l t  during the  f i r s t  8 milliseconds. The pos i t i ve  electrode only 
drops 0.25 v o l t  a f t e r  1 mill isecond, but continues t o  decrease with 
t i m e  a t  a r a t e  grea te r  than the negative increases ,  r e su l t i ng  i n  a 
steady decrease of vol tage with t i m e .  During the  same time period, 
shown i n  Figure 4b, there  is very l i t t l e  change i n  current.  It 
should be noted t h a t  these t e s t s  are a t  cotBtant load, not necessar i ly  
constant current ,  as a r e  the  forced discharge tests. It is postulated 
t h a t  both e lec t rodes  su f fe r  from ac t iva t ion  polar iza t ion ,  the  negat ive 
more than the  pos i t ive ,  
susceptable t o  concentration po la r i za t ion  as indicated by the  increase  
with time. To r u l e  out  the p o s s i b i l i t y  of a " s t a t e  of charge" e f f e c t ,  
t h ree  pulses  were performed a t  1 minute i n t e r v a l s  without recharging. 
These t r a c e s  are shown in Figure 6d and are almost superimposed one 
on another. 
The t r a c e s  a r e  shown i n  
The r e s u l t s  show tha t  t he  negat ive e lec t rode  is highly 
0.66) a t  the beginning, but  recovers about 0.1 
However, the  pos i t i ve  e lec t rode  is grea t ly  
There is no change in t he  rate of decay with state of charge, 
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FIGURE 3a, PULSE NO, 1 10 AMPERES 
PULSE DISCHARGE FYR A SINGLE BIPOLAR CELL 
WITH 2.07 IN ACTIVE PLATE AREA 
FIGURE 3b, PULSE NO. 2 3.9 AMPERES 
PW.Si D W X A R G E  FOR A SINGLE BIPOLAR 
W I T H  2 .07  IN2 ACTIVE PLATE AREA 
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FIGURE s. VOLTAGE-CURRENT RELA IONSHIP 
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The next th ree  l a rge r  c e l l  s i z e s  were t e s t ed  using only the  
forced discharge method a t  constant current .  
i n  Figures 7 ,  8 ,  and 9. 
a rea  e lec t rodes  a r e  minimal for one pulse. 
i n  vol tage as the  area i s  increased from 2.07 t o  2.40, and again t o  
2.76. 
3.14 in2  area e lec t rodes  shown i n  Figure 9. 
d i scont inui ty  s ince  the a rea  increase i n  each case is approximately 
the  same r a t i o  of 1.15:l. 
each case were kept approximately equal f o r  a l l  4 s izes .  
The r e s u l t s  are shown 
These ind ica t e  t h a t  the  2.76 in2  (1-7/8 dia.) 
There i s  some increase 
However, there  i s  a larger  jump i n  performance da ta  f o r  the  
There appears t o  be a 
The capac i t i e s  t o  area of e lec t rode  i n  
Battery Discharge 
A f ive c e l l  ba t t e ry  w a s  assembled from the  1-5/8 diameter elec- 
t rodes  (2 i n  2 ), with a separator of 7 m i l  non-woven nylon. Sealing 
the  c e l l s  w a s  found t o  be d i f f i c u l t .  
t he  ba t t e ry  was assembled i n  a d i f f e r e n t  manner. 
were coated with a sea lan t  ( of l i q u i d  neoprene) and "0" r ings  placed 
between each bipolar  p l a t e .  Tlie ba t t e ry  w a s  assembled by stacking 
t h e  p l a t e s  on top of  each other as follows. 
added t o  the s i n t e r ,  then the separator  was placed over the  s i n t e r  
and more e l e c t r o l y t e  added. The next bipolar  p l a t e  was placed on 
top and the  procedure repeated u n t i l  the  end p l a t e  w a s  assembled. 
The ba t t e ry  w a s  clamped between b lncks  n f  1/7 inch t h i c k  litcite and 
fastened with machine screws around the  periphery. A photograph of  
the ba t t e ry  i s  shown i n  Figure 10. 
For t h i s  test, therefore ,  
The e lec t rode  f langes 
The e l e c t r o l y t e  w a s  
The ba t t e ry  w a s  charged a t  10 mA f o r  27-1/2 hours, with ind iv idua l  
c e l l s  being monitored. Figure 11 shows the  average c e l l  vol tage 
and the  spread i n  c e l l  voltages during the charge. The ba t t e ry  was 
placed on open c i r c u i t  w i t h  a l l  c e l l  vol tages  noni tored a t  1.38 vo l t s .  
It was then discharged a t  100 mA as shown i n  the  r i g h t  hand s ide  of  
Figure 11. This f igu re  gives average c e l l  vo l tages  including vo l t -  
age spread of each c e l l  (ba t te ry  vol tage  i s  f i v e  times the  average 
c e l l  voltage).  
discharge,  although a l l  other c e l l s  were a t  1.20 vo l t s .  After  the 
discharge,  t he  ba t t e ry  was disassembled , the  e lec t rodes  washed and 
d r i ed ,  and reassembled changing the  pos i t i on  of the  b ipolar  e lectrodes.  
The r e s u l t a n t  vol tage readings were the  same. 
f a i l e d  f i r s t ,  as before. 
nie center c e l l  f e l l  t o  0.18 v o l t  a f t e r  55 minutes of 
The center  e lec t rode  
A ca re fu l  study of the  s i t u a t i o n  revealed t h a t  the  center  c e l l  
was not: sea l ing  and, therefore ,  los ing  e l e c t r o l y t e  during overcharge; 
due t o  the  compression method used, the  gas pressure  during overcharge 
w a s  forcing e l e c t r o l y t e  out. The c e l l  w a s  reassembled using Kel-F 
grease on the  "0" r ings.  T h e  c e l l  w a s  placed on charge and discharged 
a t  the  100 mA r a t e .  A l l  c e l l  vo l tages  were uniform with no v i s i b l e  
leaks  from t h e  c e l l s .  The ba t te ry  w a s  pulsed a t  10 amperes and the  
vol tage  recorded on the  Brush Recorder Mark 11. 
are almost i d e n t i c a l  with those shown i n  Figure 3. 'Phe cor re l a t ion  
between the  5 c e l l  ba t t e ry  and the  s i n g l e  c e l l  of Figure 3 was made 
by dividing the  ba t t e ry  voltage by 5. 







FXGURE 7a. PULSE #I CURRENT 11.0 M E R E S  
PULSE DISCHARGE OF A SINGLE BIPOLAR CELL 
WITtI 2.40 IN2 ACTIVE PLATE AREA 
I 
FIGURE 7b. PULSE #2 CURRENT 11.0 AMPERES 
PULSE DISCHARGE OF A SINGLE BIPOLAR CELL 
WITH 2.40 IN2 A C T N E  PLATE AREA 
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FIGURE 8a. PULSE #1 CURRENT 10.5 AMPERES 
PULSE DISCHARGE F A SINGLE BIPOLAR CELL 
WITH 2 .76  I N  ? ACTIVE PIATE AREA 
t I 
FIGURE 8b. PULSE #2 CURRENT 10.5 AMPERES 
PULSE DISCHARGE fF A SINGLE BIPOLAR C E U  
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FIGURE 12a. PULSE NO. I CURRENT 10 AMPERES 
PULSE DISCHARGE FOR A 5 CELL BIPOLAR YTTERY 
WITH ACTIVE PLATE AREA OF 2.07 IN / PLATE 
, 
FIGURE 12b. PULSE NO. 2 CURRENT 10 AMI‘EmS 
PULSE DISCHARGE FOR A 5 CELL BIPOLAR BATTERY 
WI” ACTrVE PLATE AREA OF 2.07 IN2 /PLATE 
DISCUSSION OF RESULTS AND CONCLUSIONS 
From the  data  obtained to  da te ,  it appears t h a t  the  minimal 
p l a t e  s i z e  most l i k e l y  t o  meet t he  discharge requirements has  the  
1-7/8" diameter s i n t e r  (2.76 in2). 
The p l a t e  has  a capacity of approximately 200 mAh., at, the  10 hour 
r a t e .  The reduced vol tage a t  t h e  10 ampere pulse  discharge is p r i -  
marily due t o  concentration polar iza t ion  a t  the pos i t i ve  electrode,  
as evidenced by the  oscil loscope t races .  
Additional discharges w i l l  be conducted t o  determine t h e  behavior 
of t he  1-7/8 inch diameter e lectrodes i n  a f i v e  cell.  bat tery.  
t h e  vol tage f a i l  t o  m e e t  the  5 v o l t s  minimum, the  p l a t e  with the  
2 inch diameter w i l l  be used. 
Should 
t 
From the  tests conducted with the 5 c e l l  b a t t e r i e s ,  it appears 
t h a t  sea l ing  w i l l  be a major problem i n  ba t t e ry  construct ion.  
is present ly  contemplated t o  seal t h e  individual  cells  using neoprene 
gaskets  o r  "0" r ings,  then enveloping the  5 c e l l  s tack  i n  an encap- 
su l a t ing  compound. 
It 
Threaded terminals  w i l l  be meta l lurg ica l ly  bonded t o  the  center  
of each,end p l a t e ,  with su f f i c i en t  length protruding beyond the  com- 
pound. 
%e progress of t h i s  work and the  test r e s u l t s  w i l l  be discussed 








5 .  
' 6'. 
Evaluate the effects of concentration and activation polarization 
and determine minimum plate area for a five cell squib battery. 
Test and evaluate various separators. 
Determine the amount of electrolyte and required compression on 
the wet separator. 
Establish method for introducing electrolyte into the cell. 
Test materials and techniques for sealing cells. 
Evaluate potting compounds and methods for encapsulating five 




3. Build 10 batteries. 
Fabricate, test, and evaluate performance of 5 cell battery. 
Determine charging rates and overcharge capabilities. 
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